Introduction {#s1}
============

Serum retinol-binding protein (RBP)4 is the main vitamin A (retinol)--transport protein in the blood ([@B1]). Many clinical studies link increased serum RBP4 levels to metabolic disease, including obesity ([@B2],[@B3]), insulin resistance ([@B3]--[@B5]), type 2 diabetes (T2D) ([@B3]), and cardiovascular disease ([@B6]). Moreover, large epidemiologic studies demonstrate that elevated circulating RBP4 levels are a biomarker for these diseases ([@B6]--[@B8]). Mice with genetic or pharmacologic elevation of RBP4 levels develop insulin resistance ([@B4],[@B9]), whereas lowering RBP4 levels improves insulin sensitivity ([@B10]). Serum RBP4 levels are elevated in people with prediabetes even before overt hyperglycemia occurs ([@B3],[@B7]). The possibility that RBP4 causes insulin resistance in humans is supported by data showing that a single human nucleotide polymorphism that increases RBP4 promoter activity confers a twofold increased risk of T2D ([@B11],[@B12]).

The immune system plays an important role in obesity-related insulin resistance ([@B13],[@B14]). The mechanism for RBP4-induced insulin resistance involves inflammation. In humans, RBP4 levels in serum and adipose tissue (AT) strongly correlate with subclinical inflammation, including proinflammatory cytokine levels ([@B15],[@B16]). RBP4 impairs insulin signaling in adipocytes indirectly by inducing proinflammatory cytokine production from macrophages through the c-Jun N-terminal kinase (JNK)-dependent pathway ([@B17]). Transgenic mice overexpressing RBP4 (RBP4-Ox) have increased numbers of AT macrophages and CD4 T cells. Transfer of antigen-presenting cells (APCs) treated with RBP4 ex vivo is sufficient to cause insulin resistance in normal mice ([@B9]). These effects are not mediated through a known RBP4 receptor, stimulated by retinoic acid 6 (STRA6), but, rather, involve Toll-like receptor 4 ([@B17]).

Several immune cell types regulate AT immune responses and insulin sensitivity ([@B18]). In AT from lean mice and humans, alternatively activated macrophages (M2), which primarily promote AT remodeling, are the major population of macrophages ([@B18]--[@B20]). Obesity triggers the accumulation of classically activated (M1) macrophages ([@B18]--[@B21]) and increases antigen presentation in AT, which stimulates proinflammatory T cells (T-helper 1 \[Th\]1 cells), thereby contributing to insulin resistance ([@B22]). AT inflammation and insulin resistance are improved in Th1 lineage--defining transcription factor--deficient mice on a high-fat diet (HFD), which demonstrates an important role for Th1 cells in AT inflammation--induced insulin resistance ([@B23]).

Here, we show that genetic deletion of RBP4 in obese mice reduces the number of AT proinflammatory macrophages and Th1 cells, thereby improving insulin resistance. This is consistent with our observation that RBP4 induces antigen presentation by macrophages, which activates T cells toward a Th1 profile ([@B9]). It is not known whether blocking antigen presentation improves insulin resistance. In addition, the signaling pathways that mediate RBP4 effects on antigen presentation and the importance of MyD88, the canonical adaptor for inflammatory signaling pathways downstream of Toll-like and interleukin (IL)-1 receptor families, are unknown. We now show that MyD88 and its downstream mitogen-activated protein kinase (MAPK) and nuclear factor-κB (NF-κB) pathways are necessary for macrophage activation by RBP4 and the resulting T-cell activation. This suggests that blockade of these signaling pathways or of antigen presentation itself could have beneficial effects. In fact, we show that blockade of antigen presentation with cytotoxic T-cell--associated antigen 4--Ig (CTLA4-Ig) is sufficient to improve systemic insulin resistance and AT inflammation in RBP4-Ox mice. This indicates that the RBP4-induced insulin resistance associated with obesity could be improved by blocking antigen presentation and subsequent T-cell activation.

Research Design and Methods {#s2}
===========================

Animal Studies and Measurement of Metabolic Parameters {#s3}
------------------------------------------------------

The RBP4-Ox mice were generated as previously described ([@B46]). Male RBP4-Ox mice on a C57BL6 background were bred with female C57BL6/J mice (The Jackson Laboratory) to generate RBP4-Ox mice and control littermates as previously described ([@B4]). Male and female Rbp4^+/−^ mice were bred to obtain Rbp4^−/−^ mice as previously described ([@B4]). MyD88^−/−^ and WT C57BL6 mice were purchased from The Jackson Laboratory. RBP4-Ox mice and their WT littermates were fed a standard chow diet (Formulab 5008, 15 IU vitamin A/g). RBP4-knockout (KO) mice and their WT littermates were fed a chow diet (Harlan-Teklad 1810541, 4 IU vitamin A/g) or HFD (55% fat calories) (Harlan-Teklad 130873, 4 IU vitamin A/g) for 18 weeks. The RBP4 KO mice line was on a low (4 IU) vitamin A diet for four to five generations before they were studied. Metabolic studies were performed as previously described ([@B9]). Mice were treated with CTLA4-Ig (20 mg/kg i.p.) 3 days a week for 6 weeks, and metabolic and immunology studies were performed. Mouse studies were conducted in accordance with federal guidelines. The Institutional Animal Care and Use Committee (Beth Israel Deaconess Medical Center) approved all studies. All studies were performed on age- and sex-matched littermates.

Recombinant RBP4 Preparation {#s4}
----------------------------

Human RBP4 was expressed in *Escherichia coli* and purified as described previously ([@B4]). Endotoxin was removed by sequential affinity adsorption to Endotrap matrix (Hyglos GmbH) and Detoxigel (Pierce). Recombinant RBP4 protein purity was determined by Coomassie staining of SDS-PAGE gels and mass spectrometry with and without a strong cation exchange cleanup. Proteomic and lipidomic mass spectrometry analysis of our RBP4 preparation confirmed its purity and showed no contaminating endotoxin (lipopolysaccharide \[LPS\]), other lipopolysaccharides, lipoproteins, lipids, or additional proteins ([@B9]). Absence of potential lipopolysaccharide contamination was further demonstrated by the fact that boiling, which would denature the RBP4 protein, removed the effect of RBP4 to stimulate tumor necrosis factor (TNF) secretion from bone marrow--derived dendritic cells but not the effect of LPS ([@B9]). If LPS was present, the proinflammatory effect of RBP4 would persist after boiling. In addition, recombinant RBP4 generated from mammalian cells and human RBP4 purified from human blood, where the potential exposure to LPS is minimal, had the same inflammatory effect as bacterially derived RBP4 ([@B9]).

Preparation of Stromal Vascular Fraction, Adipocyte Isolation, and Determination of Adipocyte Number {#s5}
----------------------------------------------------------------------------------------------------

Stromal vascular fraction (SVF) was prepared as previously described ([@B47]). Briefly, mice were perfused with PBS and perigonadal fat pads were obtained, minced, and collagenase treated (Sigma-Aldrich) for 30 min at 37°C with shaking. The cell suspensions were filtered through a 40-μm filter and centrifuged at 1,800 rpm for 5 min. After that, the SVF cells were incubated with red blood cell lysis buffer (Biolegend) for 3 min. Media was added prior to centrifugation at 1,800 rpm for 5 min and resuspended in PBS buffer. The adipocytes were isolated from AT as previously described ([@B48],[@B49]). Briefly, perigonadal AT was digested with collagenase (1 mg/mL) at 30°C in Krebs-Ringer--HEPES buffer (pH 7.4) with 3% BSA and 200 nmol/L adenosine. A longitudinal piece of AT was fixed in osmium, and cell size and number were determined with a Coulter counter as previously described.

Generation and RBP4 Treatment of Bone Marrow--Derived Macrophages {#s6}
-----------------------------------------------------------------

Mouse bone marrow cells were obtained as previously described ([@B50]). Macrophage colony-stimulating factor at a concentration of 50 ng/mL was used for bone marrow--derived macrophage (BMDM) differentiation. RBP4 was used at a final concentration of 50 μg/mL. The dialysate buffer was used as a vehicle control in experiments where indicated. For signaling pathway inhibition, BMDMs were pretreated for 30 min with inhibitors of JNK (5 μmol/L), Erk (10 μmol/L), p38 (10 μmol/L), and NF-κB (10 μmol/L) for 30 min and then incubated with RBP4 for 18 h.

Bead Purification, Coculture Assay, and Flow Cytometry {#s7}
------------------------------------------------------

CD4^+^ T cells from the spleen of donor male age-matched mice of WT mice were purified as previously described ([@B51]). BMDMs were cocultured with cell-trace violet-labeled bead-purified splenic syngeneic CD4^+^ T cells from WT mice as previously described ([@B9]). For flow cytometry analysis, AT SVF cells or BMDMs were resuspended in PBS supplemented with 2% FCS, and surface markers (CD45, CD11b, F4/80, CD206, CD11c, CD4, and CD69) were stained with monoclonal antibody for multicolor flow cytometry. For intracellular cytokine staining (IL-1β, TNF, and interferon-γ \[IFN-γ\]), cells were stimulated for 4 h with leukocyte activation cocktail (BD Bioscience) and stained as previously described ([@B51]). The phosphorylation of JNK, p38, and Erk was performed in AT CD45^+^CD11b^+^ and CD45^+^CD11c^+^ cells. All antibodies (p-JNK, p-p38, p-Erk, CD45, CD11c, and CD11b) were obtained from BD Biosciences, and PhosFlow staining was performed as recommended by the manufacturer. The cells were acquired on an LSR II flow cytometer (BD Biosciences) at the Beth Israel Deaconess Medical Center flow cytometry core and analyzed with FlowJo 9.5.3 software (Treestar).

Western Blotting {#s8}
----------------

Cells were lysed with 20 mmol/L Tris-HCl (pH 7.5), 137 mmol/L NaCl, 1 mmol/L MgCl~2~, 1 mmol/L CaCl~2~, 1% NP-40, 10% glycerol, 1 mmol/L sodium orthovanadate, 5 mmol/L NaF, 5 mmol/L β-glycerophosphate, and protease inhibitor, including 1 mmol/L phenylmethylsulfonyl fluoride and 10 μg/mL aprotinin, and Western blotting was performed as previously described ([@B17]). The following antibodies from Cell Signaling Technology were used: JNK (catalog no. 9252), p-JNK (catalog no. 9251), p-p38 (catalog no. 9211), p38 (catalog no. 9212), p-Erk (catalog no. 9101), Erk (catalog no. 9102), and IκBα (catalog no. 9242).

Analytical Procedures {#s9}
---------------------

Triglyceride levels were measured by colorimetric enzyme assays, and free fatty acid (FFA) levels were measured in serum using the NEFA-C kit (Wako, Richmond, VA). Cytokines (Biolegend) and insulin (Crystal Chem, Inc.) were measured by ELISA kits.

Statistics {#s10}
----------

All values are given as means ± SEM. Differences among groups were compared using ANOVA with Tukey posttest for multiple comparisons and Student *t* test when there were only two groups. All statistical analyses were performed using GraphPad PRISM 5 software, and the differences were considered significant when *P* \< 0.05.

Results {#s11}
=======

RBP4 Is Necessary for AT Inflammation and Insulin Resistance With HFD-Induced Obesity {#s12}
-------------------------------------------------------------------------------------

RBP4 KO mice fed chow or HFD are more insulin sensitive than wild-type (WT) mice on the same diet, with no difference in body weight between genotypes on the same diet ([Fig. 1*A* and *B*](#F1){ref-type="fig"}). As expected, WT mice on HFD have higher serum insulin, triglyceride, and FFA levels than chow-fed mice ([Fig. 1*C*](#F1){ref-type="fig"}). In RBP4 KO mice on HFD, insulin and triglyceride levels are not elevated ([Fig. 1*C*](#F1){ref-type="fig"}). To investigate the effects of RBP4 KO on HFD-induced AT inflammation, we selected CD45^+^ cells from perigonadal AT SVF and analyzed the expression of surface markers for specific subtypes of immune cells. HFD increases the total number of macrophages ([Supplementary Fig. 1](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db15-1696/-/DC1)), CD11c^+^ macrophages, and macrophages producing proinflammatory cytokines (IL-1β and TNF) ([Fig. 1*D*--*F*](#F1){ref-type="fig"}). In HFD-fed RBP4 KO mice, the total number of AT macrophages is lower than in WT HFD mice ([Fig. 1*D*](#F1){ref-type="fig"}). We evaluated AT macrophage polarization by selecting F4/80^+^CD11b^+^ cells. HFD-fed RBP4 KO mice display a lower number of CD11c^+^ proinflammatory ([@B9],[@B19],[@B24]--[@B26]) macrophages and no change in CD206^+^ anti-inflammatory macrophages compared with HFD-fed WT mice ([Fig. 1*E*](#F1){ref-type="fig"}). However, CD206^+^ macrophages were still more abundant in AT of both genotypes. The intracellular content of IL-1β and TNF in AT macrophages from HFD-fed WT mice is increased compared with that in lean mice and HFD-fed RBP4 KO mice ([Fig. 1*F*](#F1){ref-type="fig"}). To confirm the pro- and anti-inflammatory phenotype, we analyzed the expression of Mgl1/2 and arginase-1. These markers are upregulated in anti-inflammatory CD206^+^ AT macrophages ([@B9],[@B19],[@B24]--[@B26]). In both WT and RBP4 KO mice, CD206^+^ AT macrophages have increased expression of both arginase-1 and Mgl1/2 compared with CD11c^+^ macrophages, confirming the alternative activated macrophage phenotype ([Supplementary Fig. 1](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db15-1696/-/DC1)). Together, our data indicate that deletion of RBP4 reduces insulin resistance and AT inflammation in HFD-fed mice.

![Deletion of RBP4 improves HFD-induced AT inflammation and insulin resistance. *A*: Insulin tolerance test. *B*: Body weight. *C*: Serum insulin, triglycerides, and FFA levels. *D*: AT macrophage numbers in perigonadal fat. *E*: Flow cytometry representation (left panel) and number (right panel) of CD11c^+^ and CD206^+^ AT macrophages. *F*: Flow cytometry representation (left panel) and percentage (right panel) of intracellularly stained TNF^+^ and IL-1β^+^ AT macrophages. (*n* = 8 mice/group.) Male mice, 18 weeks on HFD. Values are means ± SEM. \**P* \< 0.05 vs. all other groups or as indicated. \#*P* \< 0.05 vs. chow-fed mice, same genotype. ATM, adipose tissue macrophage; Pg, perigonadal.](db151696f1){#F1}

RBP4 Is Necessary for Macrophage-Induced CD4 T-Cell Activation and Th1 Polarization {#s13}
-----------------------------------------------------------------------------------

HFD-fed RBP4 KO mice display decreased expression of the costimulatory molecules CD80, CD86, and CD40 in AT macrophages compared with HFD-fed WT mice ([Fig. 2*A*](#F2){ref-type="fig"}). Moreover, CD80, CD86, and CD40 expression is decreased in CD11c^+^ AT macrophages from HFD-fed RBP4 KO mice compared with HFD-fed WT mice and is similar to levels in chow-fed RBP4 KO and WT mice ([Supplementary Fig. 2*A*](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db15-1696/-/DC1)). The expression of these costimulatory molecules in CD206^+^ AT macrophages is similar between RBP4 KO and WT mice fed an HFD, although it is increased compared with chow-fed mice. In contrast, MHCII expression is reduced in CD206^+^ AT macrophages from RBP4 KO compared with HFD-fed WT mice ([Supplementary Fig. 2*A*](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db15-1696/-/DC1)). No difference in the percent or number of AT CD4 T cells intracellularly stained for IFN-γ and TNF was observed between chow-fed RBP4 KO and WT mice ([Fig. 2*B*](#F2){ref-type="fig"}). HFD-fed WT mice have increased percentage and number of AT CD4 T cells expressing IFN-γ and TNF, and this increase is reduced in RBP4 KO on HFD ([Fig. 2*B*](#F2){ref-type="fig"}). Thus, RBP4 is an important factor regulating the effect of AT macrophages on proinflammatory CD4 T cells.

![Deletion of RBP4 reduces CD4 T-cell activation and AT macrophage JNK, Erk, and p38 phosphorylation. *A*: Expression of MHCII and costimulatory molecules (CD80, CD86, and CD40) in AT macrophages (CD11b^+^F4/80^+^). *B*: Flow cytometry representation (upper panel) and percentage (bottom panel) of intracellularly stained IFN-γ^+^ and TNF^+^ AT CD4 T cells. (*n* = 8 mice/group.) *C*: Phosphorylated (p)-p38, p-JNK, and p-Erk levels normalized to isotype control antibody in AT C45^+^CD11b^+^ cells from RBP4-Ox, RBP4 KO, and WT mice. (*n* = 4 mice/group.) Male mice, 23 weeks of age on HFD for 18 weeks for RBP4 KO and 18 weeks of age on chow diet for RBP4-Ox. Values are means ± SEM. \**P* \< 0.05 vs. all other groups or as indicated. \#*P* \< 0.05 vs. chow-fed mice, same genotype. AU, arbitrary units; MFI, median fluorescence intensity; Pg, perigonadal.](db151696f2){#F2}

Antigen Presentation by Macrophages Activated by RBP4 Is Dependent on the MAPK and NF-κB Pathways {#s14}
-------------------------------------------------------------------------------------------------

To determine the signaling pathways involved in RBP4-induced macrophage activation in vivo, we investigated the phosphorylation of p38, JNK, and extracellular signal--related kinase (Erk) in AT CD11b^+^ and CD11c^+^ cells from both RBP4-Ox and RBP4 KO mice compared with WT mice. Gating strategy for the analysis of the phosphorylation of p38, JNK, and Erk in RBP4-Ox AT CD11b^+^ and CD11c^+^ cells is shown in [Supplementary Fig. 3*A*](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db15-1696/-/DC1). We used the same gating strategy shown for RBP4-Ox ([Supplementary Fig. 3*A*](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db15-1696/-/DC1)) also for RBP4 KO and WT mice. CD11b^+^ ([Fig. 2*C*](#F2){ref-type="fig"}) and CD11c^+^ ([Supplementary Fig. 3*B*](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db15-1696/-/DC1)) cells from AT of RBP4-Ox have increased phosphorylation of these molecules compared with cells from AT of WT mice. This phosphorylation was reduced in CD11b^+^ ([Fig. 2*C*](#F2){ref-type="fig"}, bottom panel), and the phosphorylation of p38 and JNK tended to be lower in CD11c^+^ cells ([Supplementary Fig. 3*B*](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db15-1696/-/DC1)) from AT of RBP4 KO mice. Thus, RBP4 effects in macrophages and induction of CD4 T-cell activation may be dependent on the activation of p38, JNK, and Erk signaling pathways.

Next, we determined whether these pathways are required for RBP4-induced macrophage activation. RBP4 induces the phosphorylation of Erk and p38 and decreases inhibitor of κB (IκB)-α disappearance, indicating increased NF-κB activation ([Fig. 3*A*](#F3){ref-type="fig"}). Inhibition of JNK, p38, Erk, or NF-κB reduced RBP4-induced expression of MHCII and costimulatory molecules ([Fig. 3*B*](#F3){ref-type="fig"}) and of TNF, IL-12, and IL-6 ([Fig. 3*C*](#F3){ref-type="fig"}). NF-κB inhibition is more effective in reducing MHCII, costimulatory molecules, and cytokine expression compared with the other inhibitors alone or in combination ([Fig. 3*B* and *C*](#F3){ref-type="fig"}). Together, these data indicate that the NF-κB pathway is more effective than the MAPK pathway for RBP4-induced macrophage activation. Then, we investigated the importance of these RBP4-activated pathways in macrophages for macrophage-induced T-cell activation. RBP4-activated macrophages induce CD4 T-cell proliferation, which is reduced by inhibiting p38, Erk, or JNK ([Fig. 4*A*--B](#F4){ref-type="fig"}). The inhibition of NF-κB or of Erk concurrent with p38 or Erk and JNK resulted in lower CD4 T-cell proliferation. Inhibitors for any of these pathways reduce IFN-γ levels ([Fig. 4*C*](#F4){ref-type="fig"}), but the inhibition of Erk, NF-κB, or a combination of two MAPK inhibitors (p38, Erk, or JNK) completely abrogated the RBP4 effect on macrophage-induced IFN-γ secretion by CD4 T cells. Furthermore, treatment with MAPK or NF-κB inhibitors increased the secretion of an AT anti-inflammatory cytokine, IL-4 ([Fig. 4*D*](#F4){ref-type="fig"}). These data indicate that full activation of macrophages by RBP4 and the subsequent induction of CD4 T-cell proliferation and IFN-γ secretion are dependent on the p38, JNK, Erk, and NF-κB pathways. Since MyD88 is upstream of all these pathways, we investigated whether MyD88 is necessary for RBP4 effects on macrophage activation and the subsequent CD4 T-cell activation.

![RBP4-induced expression of MHCII and costimulatory molecules and secretion of proinflammatory cytokines are dependent on Erk, JNK, p38, and NF-κB signaling pathways. *A*: BMDMs from WT mice were stimulated with RBP4 for 15 or 30 min, and phosphorylation of JNK, p38, and Erk and IκBα disappearance were evaluated by Western blot. Data are representative of 3 independent experiments. *B*: BMDMs were stimulated with RBP4 (50 μg/mL for 24 h) in the presence or absence of p38, Erk, JNK, and NF-κB inhibitors (inh). MHCII and costimulatory molecule (CD80, CD86, and CD40) levels. *C*: TNF, IL-6, and IL-12 levels. *n* = 4 mice/group. Values are means ± SEM. \**P* \< 0.05 vs. all other groups. \#*P* \< 0.05 vs. nonstimulated control group. MFI, median fluorescence intensity; t-ERK, total ERK.](db151696f3){#F3}

![RBP4-induced activation of macrophages and the resulting activation of CD4 T cells are dependent on Erk, JNK, p38, and NF-κB signaling pathways. *A*: BMDMs stimulated with RBP4 and treated with inhibitors (inh) for p38, Erk, JNK, and NF-κB were cocultured with cell trace--labeled WT CD4 T cells, and proliferation was evaluated by flow cytometry. *B*: Representative flow cytometry plots. Proliferation index was calculated with FlowJo software. *C*: IFN-γ secretion in the coculture assay. *D*: IL-4 secretion in the coculture assay. *n* = 4 mice/group. Values are means ± SEM. \**P* \< 0.05 vs. all other groups. \#*P* \< 0.05 vs. nonstimulated control group. iMAC, not activated, immature macrophage.](db151696f4){#F4}

MyD88 Is Required for RBP4-Induced Macrophage Activation and Antigen Presentation {#s15}
---------------------------------------------------------------------------------

MyD88 is an upstream adaptor that is required for the effects of inflammatory receptors in macrophages on the NF-κB and MAPK pathways. We generated macrophages from MyD88^−/−^ mice to determine whether MyD88 is necessary for RBP4-induced activation of these signaling pathways. MyD88^−/−^ macrophages treated with RBP4 displayed reduced JNK, p38, and Erk phosphorylation and increased IκBα levels compared with macrophages from WT mice ([Fig. 5*A*](#F5){ref-type="fig"}). RBP4-induced expression of MHCII, CD40, CD80, and CD86 in macrophages was also reduced ([Fig. 5*B*](#F5){ref-type="fig"}). In macrophages from MyD88^−/−^ mice, the RBP4-induced secretion of IL-6, TNF, and IL-12 was also reduced ([Fig. 5*C*](#F5){ref-type="fig"}). RBP4 primes macrophages to promote CD4 T-cell proliferation and IFN-γ secretion. These effects were also reduced in MyD88^−/−^ macrophages ([Fig. 5*D* and *E*](#F5){ref-type="fig"}). Moreover, the coculture of CD4 T cells with macrophages from MyD88^−/−^ treated with RBP4 showed increased secretion of IL-4 ([Fig. 5*F*](#F5){ref-type="fig"}) as observed with inhibition of p38, Erk, JNK, and NF-κB ([Fig. 4*D*](#F4){ref-type="fig"}). Thus, RBP4-induced activation of macrophages and subsequent CD4 T-cell activation are dependent on the MyD88 pathway.

![RBP4-induced activation of macrophages and the resulting activation of CD4 T cells are dependent on the MyD88 pathway. *A*: BMDMs from WT and MyD88^−/−^ mice were stimulated with RBP4 for 15 or 30 min, and phosphorylation of JNK, p38, and Erk and IκBα disappearance were evaluated by Western blot. Data are representative of 3 independent experiments. *B*: MHCII and costimulatory molecule (CD80, CD86, and CD40) levels. *C*: TNF, IL-6, and IL-12 levels. *D*: BMDMs from WT and MyD88^−/−^ were stimulated with RBP4 and cocultured with cell trace--labeled WT CD4 T cells, and proliferation of CD4 T cells was evaluated by cell trace dilution. Representative histograms indicating CD4 T-cell proliferation (left panel) and proliferation index (right panel). *E*: IFN-γ secretion in the coculture assay. *F*: IL-4 secretion in the coculture assay. *n* = 4 mice/group. Values are means ± SEM. \**P* \< 0.05 vs. all other groups. \#*P* \< 0.05 vs. nonstimulated control group. iMAC, not activated, immature macrophage; MFI, median fluorescence intensity.](db151696f5){#F5}

Blockade of Antigen Presentation Reduces RBP4-Induced AT Inflammation and Insulin Resistance In Vivo {#s16}
----------------------------------------------------------------------------------------------------

Blocking antigen presentation in AT may result in reduced AT inflammation and increased insulin sensitivity. CTLA-4 is a receptor that acts as an "off" switch when bound to CD80 or CD86 on the surface of APCs, preventing APC-induced T-cell activation. Fusion proteins of CTLA4 and antibodies (CTLA4-Ig) showed success in clinical trials for autoimmune diseases ([@B27]). We hypothesized that CTLA4-Ig treatment would reduce insulin resistance in RBP4-Ox mice. After 6 weeks of CTLA4-Ig treatment, RBP4-Ox mice displayed increased glucose tolerance ([Fig. 6*A*](#F6){ref-type="fig"}, left panel) and improved insulin sensitivity ([Fig. 6*A*](#F6){ref-type="fig"}, right panel). The body weights of CTLA4-Ig--treated RBP4-Ox and WT mice were comparable to those treated with PBS ([Fig. 6*B*](#F6){ref-type="fig"}). CTLA4-Ig treatment reduced insulin levels with no effect on serum triglyceride and FFA concentrations ([Fig. 6*C*](#F6){ref-type="fig"}). Since CTLA-4 reduces inflammation by blocking T-cell activation, we investigated AT CD4 T-cell activation. Treatment with CTLA4-Ig reduced the RBP4-induced increase in the number of AT CD4 T cells intracellularly stained for TNF and IFN-γ to levels observed in PBS-treated WT mice ([Fig. 6*D*](#F6){ref-type="fig"}). In RBP4-Ox mice, the number of total and CD11c^+^ AT macrophages is increased compared with WT, and CTLA4-Ig treatment lowered the numbers to PBS-treated WT levels ([Fig. 6*E*](#F6){ref-type="fig"}). CTLA4-Ig treatment also tended to decrease the number of CD11c^+^ AT macrophages in WT mice ([Fig. 6*E*](#F6){ref-type="fig"}). Moreover, CTLA4-Ig--treated RBP4-Ox and WT mice have a reduced number of CD4 T cells and reduced percentage and number of activated (CD4^+^CD69^+^) CD4 T cells compared with PBS-treated controls ([Fig. 6*F*](#F6){ref-type="fig"}). Thus, disruption of antigen presentation with CTLA4-Ig treatment improves insulin resistance and AT inflammation induced by increased RBP4 levels.

![CTLA4-Ig treatment of RBP4-Ox mice reduces RBP4-induced AT inflammation and insulin resistance. RBP4-Ox mice were treated with CTLA4-Ig (intraperitoneally) 3 times a week for 6 weeks. *A*: Glucose tolerance test (left panel) and insulin tolerance test (right panel). Body weight (*B*) and serum insulin, triglycerides, and FFA (*C*). *D*: Flow cytometry representation of gated AT CD4 T cells intracellularly stained with IFN-γ and TNF (top panel). Number of CD4 T cells intracellularly stained for IFN-γ and TNF (bottom panel). *E*: Flow cytometry representation (top panel) and number (bottom panel) of total, CD11c^+^, and CD206^+^ AT macrophages. *F*: Flow cytometry representation (left panel) and number (right panel) of total CD4^+^ and CD4^+^CD69^+^ (activated) T cells. *n* = 10/group. Values are means ± SEM. \**P* \< 0.05 vs. all other groups or as indicated. ∞*P* \< 0.05 vs. chow-fed, same genotype.](db151696f6){#F6}

Because inflammation can impair adipogenesis ([@B28]--[@B31]), we investigated whether there were alterations in adipocyte number and adipocyte cell size. Perigonadal fat pad weight, adipocyte number, and adipocyte size were comparable between WT and RBP4-Ox ([Supplementary Fig. 4](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db15-1696/-/DC1)), suggesting that RBP4 overexpression does not influence adipogenesis in vivo.

Discussion {#s17}
==========

Here, we show that knockout of RBP4 results in lower HFD-induced inflammation in AT and improves insulin resistance. This may have implications for AT inflammation and insulin resistance in people, since RBP4 is elevated in insulin resistant states and a single human nucleotide polymorphism in the RBP4 gene, which confers increased RBP4 expression in AT in humans, is associated with a twofold increased risk of T2D ([@B11]). We also show that MyD88 is necessary for RBP4-induced activation of JNK, Erk, p38, and NF-κB pathways in macrophages. These pathways are required for RBP4-induced macrophage proinflammatory cytokine secretion, MHCII, and costimulatory molecule expression and the subsequent CD4 T-cell activation. Blocking the interaction of APCs, such as macrophages, and T cells with CTLA4-Ig treatment is sufficient to improve insulin resistance, glucose homeostasis, and AT inflammation caused by elevated RBP4 levels. This indicates that approaches modulating the cross talk between innate and adaptive immune cells could lead to new therapies for insulin resistance in T2D.

Antigen presentation to T cells involves costimulation of CD28 by CD80/CD86, which provides a built-in fail-safe that prevents T cells from being autoreactive ([@B32]). T cells that recognize a peptide MHC complex in the absence of costimulation become anergic ([@B33]). Thus, the recognition of MHCII in the absence of the costimulation could have beneficial effects by reducing proinflammatory T cell activation. We show that mice deficient in RBP4 fed an HFD have reduced levels of MHCII and costimulatory molecules and lower number of CD4 T cells producing IFN-γ compared with WT HFD-fed mice. Furthermore, the decreased expression of molecules required for T-cell activation is associated with improved insulin sensitivity in RBP4 KO mice fed an HFD. This could have clinical relevance because MHCII, CD80, and CD86 expression in AT is increased in obese humans ([@B34],[@B35]). Furthermore, RBP4 is elevated in insulin resistant people ([@B3]), and overexpression of RBP4 in mice causes a similar increase in MHCII, CD80, and CD86 in AT macrophages ([@B9]). This resulted in increased antigen presentation and induction of CD4 T-cell proliferation and Th1 polarization ([@B9]).

RBP4-Ox mice fed a chow diet had increased numbers of CD206^+^ AT macrophages, which express higher levels of costimulatory molecules, MHCII, and proinflammatory cytokines and, thus, contribute to AT inflammation ([@B9]). They also had increased numbers of CD11c^+^ (proinflammatory) AT macrophages, but these macrophages do not have an increase in MHCII or costimulatory molecule expression compared with WT ([@B9]). On the other hand, the RBP4 KO mice were fed an HFD, which may explain why most of the changes were observed in CD11c^+^ macrophages. WT HFD-fed mice have a switch from an M2 (CD206^+^) to M1 (CD11c^+^) macrophage phenotype, resulting in more proinflammatory AT macrophages ([@B19],[@B26],[@B36]). RBP4 KO fed an HFD showed decreased CD11c^+^ AT macrophage polarization and activation (proinflammatory cytokines) compared with WT on HFD. Thus, activation of macrophages drives AT inflammation with HFD in WT mice or with RBP4 overexpression in mice on a chow diet, but the population of macrophages contributing to AT inflammation is different. Importantly, knockout of RBP4 in HFD-fed mice reduces AT inflammation.

AT antigen presentation integrates the AT inflammatory responses ([@B9],[@B22],[@B24],[@B34],[@B35]) and regulates AT T-cell activation and polarization ([@B24]). The improvement in insulin resistance that results from blocking costimulatory signals with CTLA4-Ig indicates that the mechanism for RBP4-induced AT inflammation and insulin resistance involves antigen presentation and the resulting T-cell activation. We demonstrate the importance of antigen presentation to T cells for RBP4-induced insulin resistance by showing that treatment of RBP4-Ox mice with CTLA4-Ig improves AT inflammation and insulin resistance. In WT mice fed a chow diet, the level of AT inflammation is low. This explains why the effect of CTLA4-Ig treatment is small in WT compared with RBP4-Ox mice fed a chow diet. A certain degree of inflammation is needed so that there is increased antigen presentation that CTLA4-Ig can inhibit. CTLA4-Ig fusion protein binds to CD80/CD86, thereby blocking the engagement of CD28 on T cells and preventing T-cell activation. The effectiveness of this fusion protein is evident from its success in treating rheumatoid arthritis and graft rejection in humans ([@B37],[@B38]). The possibility that this approach could be beneficial for insulin resistant people is supported by observational studies showing that patients with rheumatoid arthritis who are treated with CTLA4-Ig show improved whole-body insulin sensitivity and glucose tolerance ([@B39],[@B40]). Our data indicate that CTLA4-Ig treatment reduces CD4 T-cell activation in AT and proinflammatory AT macrophage numbers, resulting in improved overall glucose homeostasis, which could be the mechanism for improved insulin sensitivity in rheumatoid arthritis patients treated with this compound.

Here, we elucidated the pathways triggered by RBP4 that are required for macrophage-induced CD4 T-cell activation. JNK expression in macrophages is necessary for both AT inflammation and obesity-induced insulin resistance ([@B25]). We find that in addition to the JNK pathway, Erk, p38, and NF-κB pathways are required for macrophage activation by RBP4 and subsequent induction of CD4 T-cell proliferation and IFN-γ secretion. Moreover, the activation of these pathways by RBP4 is MyD88 dependent. The importance of MyD88 in obesity is demonstrated by the finding that endogenous molecules (ceramides, high-mobility group box 1, fetuin-A, and modified LDLs) that activate Toll-like receptor 4 signaling require MyD88 to activate the downstream NF-κB and MAPK pathways ([@B41]). These pathways inhibit insulin action by impairing insulin receptor signaling in adipocytes and induce the transcription of proinflammatory cytokines (TNF, IL-6, and IL-1β) in immune cells ([@B42]). We observed that MyD88 deletion in macrophages impairs RBP4-induced macrophage activation and subsequent CD4 T-cell Th1 polarization. This is important, since Th1 cells play a critical role in AT inflammation. Deletion of Th1 cells or their product (IFN-γ) reduces AT inflammation and improves insulin resistance during obesity ([@B23],[@B43]--[@B45]). Thus, the proinflammatory effects of RBP4 in macrophages involve MyD88 and its downstream pathways, which could be therapeutic targets in insulin resistant states in which RBP4 levels are elevated. In addition, RBP4 increases the capacity of AT macrophages to induce a proinflammatory CD4 T-cell response, and when this is blocked in vivo, AT inflammation and insulin resistance are improved.
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